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SUMMARY

The critical need for high Reynolds experimental capability at

@R

transonic speeds has been broadly recognized, for there have been demonstrated
significant transonic scale effects on wing-shoek position and attendant
effects on drag-rise Mach number, buffet boundary, and pitching moment
characteristics. Of the various transonic facilities congidered for provision
of high Reynolds number capability, the conventional wind tunnel operated

in a semi-continuous mode and utilizing an energy storage system is considered
to have the greatest potential. Specifically, & hydre pumped-storage

system 1s proposed to provide hydraulic energy on an intermittent bagis at
"""""" the rate of 500,000 horsepower to propel hydraulic turbines direct coupled
to the wind tunnel fang., Pumping to replenish the reservoir will require
continuous power estimated at 5 to 10 percent of the maximum drive power.
Volume requirements for a thousand-foot head reservoir are minimal and can
eaglly be met by natural sites or man-made excavation.

Utilization of a simple hydraulic-turbine drive should provide
substantial initial cost savings as well as a reduction in operating costs
associated with the high utilization rates and low power demands of the
pumping system. The potential advantages of a multi-research facility site
are evident, and consideration of a hydro pumped-storage system as s common

energy source for g new research center is suggested.
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Bart 1 Background Informaticon

The continuing development of large transport aircraft crulsing

' reauiveienTs
near the speed of sound, and the demends of military aircraft for high
performance at iransonic speeds, has resulted in new demands upon available
ground-based wind tunne] facilities. (Reference - Heppe). These demands
entail not only tests at higher Reynolds numbers but also the regquirement for.
greater precision of dalta such that valid extrapolationsg to full-scale
flight conditions can be made. Flight tests on the C-141 (reference )
and Blackwell in reference  demonstrated at high subsonic speeds the
existence of a critical shock boundary-layer interaction problem as illustrated
in figure _L_f Under low Reynolds number test conditions the upper surface

be

shock position is shown to mmsee forward with an attendant increase in the

separated region behind the shock. As the test Reynolds number is irgé'z-'éés"éa')'

the sghock moves rearward with an atiendant reduction in the area of
separation and a rearward shift in center of pressure. The experiments of
reference _ demonstrated that the shock location is critically dependent
upon the test Reynclds number and is determined largely by the ratio of
boundary layer displacement thickness in the region of the shock relative to
the length of the airfoil chord.

The manifestaticns of & change in airfoil shock location are
gignificant and fundamental to the prediction of aircraft performance at
transonic speeds. As shown in figure jé the level of test Reynolds number
characteristic of current facility capability leads to prediction of
premature drag rise, pliching moment nonlinearity, and low 1ift coefficient
for buffet onsetSN Although specialized experimental technigues for two-
dimensional airfoil testing have been developed for simulating fulli-scale

conditions (reference m“), the applicability is limited and the technigues
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become quesiionable for coﬁpleﬁe three-dimensional configurations. This ig
the basic techniecal concern that has led to generation of the current U. 8.
flight teéﬁ programs with manned aircraft as repregented by the modified
Vought F-8f and North American T-2C asircraft, and by the unmanned flight
programs discussed by Mr. Gillis in Paper . at this meeting (reference mm).

The fundamental unanswered question is how much Reynolds number is
reguired for valid transonie testing., Does the shock pesition continue to
move aft with increasing Reynolds number or does it egsentially stabilige
at some rearward position. Igoe and Baals in Paper 5 (referencem“) presented
at thig meeting have found an apparent plateay of shoek position versus Reynolds
number to exist. PFigure é& is a summary plot of these results. The ordinate
represents the increment in shock travel expressed as & fraction of the total
travel increment for a Reynol&s numbey range from 1 tO lOO X 106 baseé on -
mean chord. Consistent wind tunnel and flight data are shown for the T-%3
and C-1hl aireraft at transonic speeds. Although the avallable data are
still too limited to generalive, the trend of the results suggeste the
requirement for test Reynolds number capabllity of approximately 20 to 50 X 166.

Figure éi 8180 depicts the change in turbulent skin friction for
a Reynolds number range from to 00 X 106 expressea as a fraction of the
total skin frzctlon change. Testing Capablllty of 40 million Reynolds
number, for example, would represent full-scale conditions for most fighter
conditions'and provide 90 percent of the skin friction change for a Reynolds
number range from 1 to 100 million.

The facility implications for attainment of transonic test Reynolds
numbers of approximately 40 million based on mesn chord are rather sobering.

The largest transonic wind tunnel in the United States =—— the AEDC
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16-Foot Transonic Propulsion Tunnel — has a drive power of 216,000
horsepower and generates at Mach 1 for an appropriate sized complete aircraft
model only about a quarter of the indicated level of Reynolds number regquired,

A full Reyrnolds number wind tunnel with conventional electric drive would

require drive powers upwards of a half million horsepower with a total facility

cogt of approximately $100 million. Either new Tacility concepts will be
required to reduce the initial cosis or greater ingenuity will be reguired in

the engineering design of the conventional approaches.

-

Part TT  (Consideration of Facility Types

As pointed out in the recent NASA/USAF ad hoe report on transonic
-scale effects and testnteehniquessthe u}timate-gaal'of'any“%@sﬁ”facility'ié
to provide valid experimental data such that prediction of full-scale aircraft
performance can be made with accuracy and confidence.
Reynolds number ig only one facet of the tobal problem.  Egual consideration
must be given to test flow gquality, wall-boundary corrections, model accuracy,
support-gystem interference, and instrumentation performance. From the
standpoint of total data accuracy}little may be gained in attaining high
Reynolds number, if in the process there results a degradation in test flow
quality, instrumentation performance, or the introduction of an unpredictable
aerodynamic interference effect.

There are many types of ground-based facilities to provide

practicable high Reynolds test capability. The basic types are as Follows:
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[udwieg tube: Run duration is determined by the length of charge

tube and ten&s o be of the order of one second with attendant limitation,
in data productivity and ingtrumentation accuracy. BRun time cannot he
extended by operation at reduced density levels. TFliow quality should be
high. The facility concept probably represents the most economical approach

to high Reynolds number and lendg itself %o basic fluid mechanics research.

Operational experience at transonic speeds, however, is limited; noise levels rmau

dictate s remcte gite.

Intermittent Blowdown Facility: This is a bhasic facility type.

Zconomics of design usually dictate run times of the order of one minnte.

There is an inherent design problem asscciated with quality of flow resultlng
wbstre i

'fromhpressure regulatgon flow turbulence, and changlng ﬁotal temperature.

In contrast to the Iudwieg tube, run time can be increased by testing at lower
pressure levels with an attendant increage in productivity of data. Operating
noise levels are high.

Semi-continuous wind tunnel: This facility concept implies a limited

run duration (e.g., 15 to 30 min.) associated with utilization of some Torm of
energy storage system. Such a facility has the innherent capabilities of the
continuous Tlow facility limited only by the restraints of finite run time. The
productivity of modern data acguisition systems, however, cawm effectively
eliminate the latter restraints. The great potential of the semi-

continuous facility lies in the areas of reduced costs of the drive system

and its operation, and in the capability for full-power cperation without

external system restraints.

Continuous-flow wind tunnel: Run time can be in hours. Froduetivity

is high, for data acquisition productivity is directly associated with the
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avallable run time. This factor, combined with the benefits of stabilized

conditions, good flow quality, ete., makes this type of Pacility preeminent

throughout the world. Propulsion by conventional electric drive motors is
electrical

costly, however, and for large powers may seriously impacﬁhnetwork capabllity

and necessitate maximum power operation during "off-peak" hours only.

Ground track facility: Transonic speeds for tracked vehicles is

technically possible, but the potential appears limited for productive tests
of high data precigion. Problems of atmospheric variations, support
interfarence, and ground reflections remain largely unresolved for practicable
facility schemes. Costs per data point are high. The greatest potential

for such & facility would appesr t¢ be for very limited and gpecialized
tegting.

Part ITT Semi-contlnucus Wind Tunnel With Energy~storage System

A. Technical consicteraiion [eading to seiccéion ;
An analyses of the foregoing facility considerations has led our

team at Langley to gelect the semi-continuous flow wind ﬁunnelawith its
potential for overall flow guality and anticipated economy of operation as
the most likely candidate facility for high Reynolds number transonic
research. From a research standpoint the basic characteristics of the
continuous-ficow type facilities —— whether they have infinite or finite
run time capability —— may be summarized as follows:

Flow gquality: The conventional return-type wind tunnel with

careful design can obtain the highest quality of flow in the test section
from the standpoint of pressure, temperature, and humidity control; low
turbulence level; precision of speed control; and uniformity of fiow in

the test section, ' ]
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Accuracy of data acquisition: The capablility of measuring data
mode

14

under steady state conditions (such as "pitch and pause") provides a potential
PRASE X

for unequaled accuracy of data acquisition. The opportunity to "time
average” dats where required or toc determine accurately the model/sting
deflections under load are factors which contribute fundamentally to total
data .reliability.

Flexibility of experiment: The greatest experimental potential is

the availability of run duration to accomplish finite time experiments or
to estgblish equilibrium conditions for such tests as:-

Visualization of surface flows by liguid film and sublimation

technigques.

- Stabilization ﬁf”dperéﬁing.modél propﬁlsioﬁ systéms for p%éﬁulsion
integration tesgts.

- Study of aercelastic problems associated with flutter, buffet,
and relsted phenomena.

- Store geparation investigations where the store is computer

brogramped U6 the next point on the trajectory.

Data productivity: This is a direct functicn of run duration,

instrumentation response, and model support and actuation systems. If
adequate data accuracy can be cbtained by & pre-programmed dynamic sweep

of angle of attack ag required in short duration intermittent facilities,

for example, then thig technique can and should be practiced in continuous
operation facilities ag well. TIn the area of data productivity the potentigl

of the continuous-Fflow type facility remains uneguaied,
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. B, DPotential for cost-reduction via semi-continuous cperagtion

1. Propulsion system costs: Consideration of the afcrementioned

technical advantages of the continuous-flow type facilities attests to their
recognized research superiority and world wide acceptance., However, ag the
facility size and drive power are increased o meet the dictates of high
Reynolds number capabllity, a facility design concept based on continuous
operaticn capability becomes guestionable because of the projected high
Tacility construction and operating costs. The propulsion system is the
heart of the problem, for this element alone can represent upwards of 50

percent of the total facility costs. Conventional electric drive systems

range and quality of regulation. A commercial gas~turbine drive tends %o
fall in this cost range also.

2. Utilization factor: The objective of our initial facility

planning was the retention of the bagie capabilities of a continuous operating
facility but incorporating the potential economies associated with zome form
of an energy storage system. The first step in guch an undertaking was an
assessment of the operational utilization of the major langley wind tunnels
to provide an indication of reguired energy mqkeupl rates., The facilities
congidered were the 16-Foot Transonic Tunnel, the 8-Foot Transonic Pressure
Tunnel, and the Unitary Plan Wind Tunnel. These research facilities operate
onjiéuhaur day . 5 days per week with energy utilization similar to ?4ﬁa?
shown on Fiqure 4. The ratio of the actual energy

' cerriand geiorpiy
used (shaded area) to the ma:x::‘mmmz.;’L ' (peak power X 16 hours) is

termed the utilization factor in percent. The factor for the subject

research facillities ranged from 2.7 percent 10 7.3 percent. Production
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faciiities, in contrast to research facilities would probably achieve a
somewhat higher energy utilization factor, but the ILangley experience is
considered typical of well-operated research facilities.

3. Energy makeup rates: The significance of the energy

utilization factor to the design of an energy storage system is obvious.
Assuming an infinite energy storage capacity, a T-percent utilization

factor, for example, would reguire energy makeup capacity of only 7 percent
of the maximum drive power (neglecting inefficiencies). If the tunnel were
to operate on a typical two shift basis (16 hours) but reenergize the storage
system on a 2h-hour basis, then the energy makeup capacity need be only

h_z/j percent of the maximum drive power. For a 500,000 horsepower drive,

Y
70 percent conversion efficiency, would only be 33,000 horsepower - g

rather nominal value for the maximum power considered,

Note that these projected rates of energy makeup provide the same
level of facility utilization on a semi-continucus basis as are now experienced
by cur currently operational continuous-flow facilities. A factor that could
further reduce the facility operational demands is the capabllity of advanced
data acquisition systems to compress the amount of data gathered 1n a given
time period. Many of the operational techniques developed for intermittent
operating facilities (typical one-minute duration) can be applied effectively
to longer duration facilities for compressing the data acguisition time.

Such iechﬁiques as pre-programmed computer-driven stings combined with high
response-rate Instrumentation can bve employed effectively in many experimental
programs without sacrifice in the basic data accuracy inherent in a confinuocus-

flow facility. Analysis at Iangley indicates the potential for a five-fold
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compression in data scquigition times by the employment of advanced
technology data acquisition systems. From a facility design standpoint,
however, this instrumentation potential for reducing run time cannot be
counted on too heavily, for historically the experimenter tends to use thig
capabélity in expanding his data requirements.

The preceding analysis of the Teasibility of semi-continuous facility
cperation represents s rather simplistic approach, for the problems
assoclated with finite storage system cepacity, start/stop cyclie times, and
everal% system efficiency are pertinent to such an agsessment., Yet the
analysis clearly demonstrates from a wind tunnel operational standpeint that
a semi-continuous facility operation is feasible withous necessarily incurring
reduced data productivity. Further, typical continuous-fiow facility
operation results in such a low snergy utilization factor that there is
great potential for a facility design incorperating an energy storage system

with the potential for reduced initisl and cperating costs.

Part IV  Energy Storage Systems

An energy storage system for the wing tunnel facility under
conslderation must be applicable to energy release at the rate of approximately
500,000 horsepower or more for a duration of 15 to 30 minutes. Under such
general requirements only two basic systems appear practicable for further
congideration. The first is stored air at pressure énd the second is water
at elevation.

Pressurized air shtorage svstems:
g Ni

The major probvlems of air gtorage systems are the high costs of

the pressure vessels and Dumps as well as the low overall efficiency of the

system. Air stores most efficiently at high pressure and low voliume,
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whereas transonic tunnel cperation requires large volume, low pressure ratio
flows. (fhis is in contrast to supersonic/hypersonic facility operation).
The disadvantages of a direct blow-down Tacility in terms of flow guality
have been noted in previous sections. The use of high pressure ejectors to
induce large volume flows ig grosely inefficlent and does not merit further
congideration here,

Other ingeniocus schemes have been proposed which utilize gtored
high-pressure air to drive air turbines direct connected *to a cluaster of
compergially available jet-engine fans. This approach would appear to have

application to more modest powered trangonic facilities having relatively

congtant-pressure air supply. The pressurized air is then heagted in
combustors and expanded through a low-speed gas turbine direct coupled to a
single-stage wind tunnel fan. This specific concept entails solution to
several difficult technical problems and further studies as to the overall
system feasibility are being undertaken by the NASA.

Hydro-pumped storage system:

The results of the preliminary feasibility studieg completed to
date indicate a great potential for a hydro-pumped storage system where
the potential energy of water at high elevation igs converted o mechanical
rower by means of hydraulic turbines direct coupled to the wind tunnel fang.
Reservoir size and pump recharging rate would be determined by facility
utilization schedules. Such a concept is now under technical Teagibility
study by hydraulic engineering specialists under contract to KASA langley.

Although it 1s premature to assess the findings of this study, the
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background technical considerations upon which the study were premised
should be enlightening.

Energy storage potential,- The potential energy of water at high

head is truly fantastic. For example (see figure 55 ) a sphere of water

200 feet in diameter at 1000 fcot head will drive a 500,000 horsepowsr
turbine for approximately 15 minutes. Costs of construction of such a water
tower appear prohibitive, but as will be shown later, an earthen reservoir
constructed on top of a natural elevation represents an economical approach.
Of course, a high-head site with a natural supply of water as represented

i The Feench Alps
by the ONERA/Modane installation, is a classic example ©f wedding a natural

£

site and its water flow to the facility requirements. A gurvey for a similar

site has not been attempted in the United States as yet, but it wiil

undoubtedly become a high priority item as the proposed Tacility concept
continues to progress.

Direct fan drive by hydraulic turbines.- Probably the singie mosgt

important advantage of a hydraulic energy storage system is the capability
of using hydraulic turbinesg direcily coupled to the wind tunnel fan. The
rotational speeds of large hydraulic turbines are characteristically low,
and fortuititiocusly this can be made to match the wind-tunnel fan

rotation reguirements without the necessity for gearing. Eliminaticn of the

latter requirement is a major gtep forward in mechanical simplicity and costs.

Hydraulic Surbines have demonstrated excellent speed regulation
characteristics at or near the design RPM. Precise speed regulation through
Lercent
a wideﬁﬁPM and power range has been demonstrated only for the impulse type

machines (Pelton wheel) of high head and moderate power (e.g., Modane

installation), Although the potential exists, such characterigtics have
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yet to be demonsirated for the reaction units (Francis turbine) of moderate
head and-high power. (eneral studies are now underway %o define the character
isties of high-power hydraulic turbines ag applied to wind tunnel drives
considering variants in the basic systems as well as combinations thereof.

Component efficiency and costs. -~ The efficiency of the hydraulic

components in a hydro-pumped storage system is high and can be upwards of
Q0 percent for efficiently designed largze reaction turbines and pump. Wit
reagonably short penstock runs, the overall efficiency of a pumped-storage
hydraqlic drive system, defined ag the ratic of turbine drivewghaft output
to the reservoir pumping system input is approximately 70 percent.

The costs of the large turbine drive units which are the heazrt
of the hydraulic propulsion system are surprisingly low. For example; .....
current uninstalled costs for a reaction turbine of 250,000 horsepower
are estimated at $6 per horsepower including speed regulating equipment and
cut-of'f valve. Thus, if a hydraulic drive system can be designed to minimize
installiation costs, there ig the potential for a new low level of costs for

the wind tunnel drive system.

Basic technology availeble.- The electrical industry in Europe

and the United States has pioneered the concept of pumped-storage hydro-
electric plants for storing energy to level off electrical systenm demands.
During "off peak" hours an electrical motor-pump unit pumps weter to an
adjacent high-altitude reservoir. During "on-peak” hours the cycle is
reversed and the water flows back through the unit {now serving as a turbine-
generator) to generste "on-peak" electrical power,

The Taun Sauk plant near St. Louls, Missouri (see figure 5

was plaged in operation in 1963 and is illustrative of the intermediate-
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sized pumped-storage plants. The two pump-turbines are rated at 250,000
horsepowér each at 200 RPM and operate at an average head of 800 feet.
Total plant output is 350,000 KW. fThe upper reservolr has a capacity of
L350 acre feet and was quarried into the top of a nearby granite hill and
then asphalt lined. The upper reservoir connects Lo the turbines by a
T000-feet long underground tunnel partially steel lined. Tt should be
pointed out that rejative to reservoir glze, a design wind tunnel run of
500,000 EP for 15 minutes would reguire only about 100 acre feet. Thus,
although the turbine drive power matches the wind tunnel requirement in
this example, the reservoir size could be reduced by a factor of 10 or
more,

The bagic technology representeﬁ by the Tauwm Sauk piant is Béiéé
expanded in new Ffacilities around the world. In Virginia, for example, &
1,500,000 KW pumped-storage facility in the final planning stage is located
only a few hundred miles from Langley. The momentum generated by these new
projects will lead to a technical fallout which will have dirvect application
to the problems of high-powered wind tunnel drives.

Auxiliary advantages.- The availability of large quantities of

water at high pressures opens up many opportunities for advantageous
utilization of this potential. Hydraulic power can be used for such auxiliary
pumping requirements as test section plenum suction, which may be as much

as one-hall the drive power at transonic speeds, and for tunnel pressurization

and evacuation systems. Use of available wabter for cooling of the wind

- tumnnel Is an obvious use. The heat eguivalent of a half-million horse-

power in cooling towers is a sizable load and represents a subsbantial
investment which can be eliminated. The reguired water fiow for tunnel

cooling need only be about Tive percent of the main flow requirements,
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Teservoir
It might also be noted at thig point that tthenergy pumping rate
can be a ﬁodegt 5 to 10 percent of the main drive power. If the site location
should so dictate, the facility could be cut off complietely from the need
for any external electrieal power source. For example, regervoir punping
could be accomplished by gas turbines or by coal or gasefired steam-
driven pumps. (onstant frequency electrical base load or variable freguency
experimental loads could be provided by hydraulic driven electrical generators.
Certainly such broad power Tlexibility opens up a wide range of gite
selections and power schemes.

Facility constraints. - The concept of & wind-tunnel facility

utilizing a hydro pumped~gtorage scheme carries with 1t certsin basie

facility design limitations. First, a new site must be developed that
provides a reservoir system of the reguired elevation and an attractive
location for the facility complex. Since the selected site probably cannot

be located at an operaticnal research center, then it must be made completely
sell sufficient in provision of %he many Tacility support services and skills.
Further, the reservoir, penstock, and tallrace systems are a major cost item
and sensitive to many site and facility related, factors; thus, the engineering
design becomes a complex and interrelsted problem. Relative to the design

and operation of the large hydraulic turbines under congideration, there
remain substantial questions as to the overall Teasibility for wind tunnel
drives considering such factors as RPM range avallable, regujation under
partial speed/power Cperation, horizontal shaft rotation, snd simlilar hydraulic
design congiderations., Studies in thesze areas must progress parallel with

the facility and site designs to estabiish the overall feasibility of the

proposedfhigh Reynolds number transonic facility. The engineering studies to
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date offer every encouragement that the great potential of the hydraulic

wind tunnel drive gystem can he reallzed in the large powers envisgioned.,
N

Part v Propoged Facility Characteristics
The previous secticns of this baper have considered various
facility types for high Reynolds number transonic teating and the

&

selection of an efficient facility propulision system. Tn *he succeeding
sections the gelection and glzing of a semi-continucus flow wind tunnel will

be developed to meet currently estimated transonic Reynolds number requirements.
Since the latter requirements are in a very preliminary state, the facility

proposed herein must be congidered as a bageline configurstion which would

be subject to revision as the trangonic Reynolds number requirements and
nydraulic propulsion system constraints are better identified.

A. Basic facility requirements.- On the basis of transonic

facility experience and the results of the transonic Reynolds number study

discussed previously, the following basic Tacility reguirements are

agsumed:
Mach range 0.2 to .4
RN at Mach 1 50 x 10° baged on ¢
Max. dynamic pressure LOCO pef

Design run schedule 30 min, at 1/2 rower every L hours.
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General Justification for these agssumed éharacierisﬁics has been
consideréd previously except for maximum dynamic pressure, Since from a
facility standpoint 1t is most efficient to attain Reynolds number by pressure
rather than facility size, the "q" limit shoﬁld be set as high as practicable.
The "q" limit of 4000 psf was established on the basis.mf model, balance,
and sting deflection and stress considerations. This limit is a key factor,
and further study will be required before a Tinal decision can be made.

B. Model size relatlve to test section.- Model and test-~section

size relationships for valid testing at near-sonic speeds are critical,

The purpose for which the testg are being run becomes the controlling element,
but, in general, the following criteria based on langley experience must be
met for testing at'high subsonic speeds (M=+1) in-é-sléffed-or-péréﬁé—ﬁéii.’
test sgection:

1. The ratic of model crogs-sechtion area {Apax) to test section
ares shouid_be less than 0.005 from considerations of tunnel
éﬁokiﬂg.n.

2. From the standpoint of 1ift interference, the ratic of model
span to tesgi-section width is the critical parameter, For
high aspect-ratic configurations (AR=7) & span ratic less
than 0.7 is employed; for lower agpect ratio configurations
(AR=3), the value should be less than O.5.

3. For wvalid testing at supersonic speeds, the model must be
free of wall-reflected shocks. A usual transonic oriteria is

shoek reflection free gt M = 1.2.
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In figure 7 Tour basic aircraft types are investigated relative
o the model sizing eriteria. Adreraft have been selected to represent a
typical subsonic transport, near-gonie transpoert, & supersonic transport,

and a fighter aircraft. Three columns of key parametric data have been

assenmbled:
Amax/s 1 ratio of max. cross-section area to wing area
&/ ¢ Tatio of mean chord to wing span o
é/g : ratic of mean chord to fuselage length

Assuming a test-section size of 10 by 10 units, the three model sizing criteria
of tunnel choking, 1ift interference, and wall reflection have been utilized

separately to determine model size. Tt will be noted that the illustrative

fighter-type configuration (low aspect ratio and low fineness ratic) enjoys
the largest mean chord, whereas the remaining configurations are constrained
to some lower chord value largely because of overall length.

C. Derived facility characteristics.- Rased on an analysis

similar to the preceding section, & ratio of model chord to test section
width of 0.1 hag been selected Tor the purpose of preliminary determination
of test section size. ?igureé?depicﬁs at Mach 1 the variation of test
section dynamic pressure, g, and Reynolds number per Foot as a function

of the tunnel stagnetion pressure (expressed in atmospheres). Based on this
Tigure, the following wind “unnel characteristics are derived for a ”qmax”

of 4000 psf.
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Stagnation pressure 5 sumcspheres
nr [ 2 B

Max RN/{% 20 x 10%

Mesn chord for RN = 40 ¥ 10° 2 foct

Tegt section size 20 X 20 £t*

*(20 5. = 6.10 meters)

D. Tacility power reguirements.- The tunnel characteristics

are now gufficiently determined %o egtablish the facility power
requirements. For estimation purposes the power dats from several of the
major transonic wind btunmnels were assembled on g common basgls. In figure ©

1s plotted as a function of test-section Mach number the shaft horsepower

rer square foot of tegt-section area For cne atmosphere stagnation pressure.

The open symbols represent drive motor power; the solid symbols represent
total power including the plenum chamber aﬁxiiiary suction. Two Iangley
fecilities, the 16-Foot Transonic Tunnel and the 8-Foot Transonie Pressure
at Mach |
ﬂmmﬂxmmmﬂmamamhmsofEEiaﬁ:ﬁ@ﬁ@%tgzmmwcﬁvﬁy. On the

assumed basis of 250 HP/fte (1 atm), the facility drive power becomes

500,00C horsepower to provide an average test Reynolds number of L0 Y 166

at Mach 1. Power requirements at the supersonic Mach numbers are indeterminate,

because Tor the present no critical Reynolds number problems are definable

once the wing leading and trailing edge shocks are attached. Thus, the

tunnel density at supersonic speeds can be reduced to a level where the Mach %

power requirements dictate the design power.
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E. Fuacility charactberistics.- The facility aercdynamic character-

isties an& horsepower reguirements are summarized in figure 10 . 'The heavy'dashed
line depicts the maximum drive p@wer;QQailabie &s a Tunction of test section
Mach number. For the sake of simplicity the lines depicting tunnel power
requirements above Mach 1 are drawn to include main drive plus the auxiiiary
power assoclated with the test section suction requirements. Nevertheless,
the point can be made that drive power is available below Mach 1 o inereasge
the stagnation pressure and improve the subgonic Raynolds number capability.
The tunnel shell design will be the limiting factor here, with 10 atmospheres
set as a tentative design limit. Above Mach 1, the tunnel density level
(and attendant Reynolds rumber) will have to be reduced to meet the

available drive power limits.

F. Facility layout,- The general facility (figureil) layout is

conventional in every respect. Tunnel power will be supplied by two
hydraulic turbines driving fixed-pitch counter-rotating fans. The turbine
drive configuration and the attendant tunnel lines are now under study.
Cooling coils will be located in the settling chamber followed by a turbulence
damping screen system. The walls of the test section will be ventilabted Tor
optimum transonic flow characteristics. The particular wall configuration
and associated plenum suction requirements have not been determined bub

will be the subject of fubture studies. This is an important design aspect,
for sucticn powers can be as large as half the main drive power. Tegt=
section isolation doors will be included along with model-support dollies
for gquick model interchange. A high-speed data acquisition system will

provide on~line computing for test monitoring during the run.
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Part VI Design and Operational Conglderations of a Hydro Punped-Storage

System
The design evolution of the hydraulic drive ang punped-storage
.
system concept applicable o = large transoniec wind tunnel results inAsite
layout illustratively depicted in figure igm. The engineering realities
of the hydrauliec drive installation may change the Tacility and site layout
in detail bubt not in concept. The conceptual studies have been extended
to include considerations of the pump/reservoir slzing as well as relative
operating costs,
As a guide to éstablishing the relative gize of pump and reservoir
for various modes of rumping operation for the proposed facility, some
'% - Simplified operational schedélés.haﬁé.bééﬁ-égéﬁﬁéa-aé a basis for analysis.
The total hydraulic power hags been egtimated as 600,000 horsepower of which
100,000 is in tunnéi guxiliaries. The assumptions and analysis are outlined
in the following paragraphs?

¢ TUNIEL OPERATIONAL MODES

- Typilecal run: 200,000 HP for 30 min. (Full power of
600,000 HP for 15 min. )

- Run frequency: Once every four hours

- Shifts: Two 8-hour shifts, S-day week {20 runs/week)

¢ PUMPING SCHEDUIRS

A. Pump b hours per run (Minimum reservoir size)

o

Pamp 24 hours per day, 5 days per week
. Pump 24 hours per day, 7 days per week (Week cycle for

pump/reservoir‘with regerveir filled Monday morning)
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D. Pump "Off-Peak" hours only. (Off-peak electrical hours
of 8 per week day, 20 hours on Saturday and 24 hours on
Sunday for total of 8L hours/week)

¢ HYDRAULIC SYSTEM CHARACTERISTION

- Assume electrically driven turbine Lump
- Overall pumping cycle efficiency of 70 percent. {Ratio
of pump KWH input to hydraulic drive turbine KWH cutput)
- Capable of reservoir pumping while tuﬁnei runs
R The pump power and regervoir capacities are gwmmarized in
Tigure i3 .

The corresponding electrical power costs for assumed operationsl
schedules (A, B, C, and D) for the pumped storagé éonéépt.afe tabﬁi;téé-in”-”“
Figure &E, The current rates in effect at‘Langley are as follows:

Demand rate ON PEAK $1.7C/KW

OFF PEAK 0.55/KW

Energy rate L.l mill/RWH

(0. 004 1/KwH)

For comparison with the pumped storage concept of operation,
figure gi presents the electrical power costs for the condition where the
tunnel fan iz driven by & 600,000 HP electrical drive motor direct connected
to the local electrical network. Tor thege conditions the following @ower

demand schedules to provide two-shift cperation are considered:

Schedule T 600,000 HP on peak 5 day week
Schedule IT 300,000 HP on peak 5 day week

.

600,000 HP off pesk
Schedule IIT  6C0,000 off peak 7 day week

{assumes 80 nours off-peal inciuding week end)
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PRELIMINARY CONCILUSIONS

(&) Pumping schedule B (24 hours per working day) appears to

ve an efficient design basis for the vro osed pumped-storage proiect.

L= F A*]

For a 100 percent increase in minimum reservolir capacity,

pump size ig reduced by one third o = value of about

& percent of the rated tumnel drive power.
(Schedyle D)
. (b) Pumping during "off peak" hours onlynrequires about a

12-fold increase in minimum regservolr size.

Electrical power costs would be reduced by approximately

$300,000 per year compared to Schedule B, This may not be

a good trade.
{c) Some form of energy storage system appears mandatory for
large wind tunnel drives.
For the pumped-storage concept annual electrical charges
range from $93%5,000 to $1,500,000 e dependent on
reservsir/pum@ size, Cofresponding unit electrical costs
are 5.6 to 9 mill/XWH. Demand charges range from 0.3%7
te 1.2 times the energy charge,
(d) For a large tunnel drive (600,000 HP) direct comnected o
the elecirical network, there appears to be no economical mode of tunnel

operation under current electrical rate schedules.
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Anmial electrical charges vary from 43,640,000 for
"off-peak"” operation to $10,230,000 "on-peak".
Corregpending unit electrical costs are 29.4 to 82.6
mill/KWH. Demand charges range from & to 19 times the
energy charge,

It should be noted that the punp size tentatively selected for
initial design study {26,667 W = two 18000 up units) would permit propulsion
by off-the-shelf industrial gas turbines fueled by either oil or natural
gas.  Such an approsch would permit operation withoul concern for electrical
network problems. Gas-turbine ags well ag steam-driven pumps will ve considered
in Torthcoming studies.

Part VII = Projéctions

The potential advanteges of a hydro pumped-storage system in
conjunction with a hydraulic turbine wind~tunnel drive have great merit,
The pumped storage concept iz simpie and the technology is largely in hand.
There is always the potential for a site location where & natural supply
of water would be available (either total or partial) to supply the basic
energy needs. (onsideration should also be given to location at the base
of a high~head dam site, or adJjacent to a large pumped-storage project. The
Jaﬁerammmmhdmmxm%elhﬁmﬁetman&ﬁz%rhmkwﬁicpmwﬁ@,bm:ﬂm
energy storage reguirements of the proposed facility are‘so modest ——— only .
about two percent of a 1,500,000 KW system - regervoir sharing becomes

feasible.
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The greatest potential for =z bydraulic drive and energy storage
systen, ﬁowever, is found not in a single facility site but in a multi-
facility center. Once the investment in a new site has been made in terms
of a reserveir, penstock, and pumping system, 1t becomes Ffeasible to add
comparable facility power loads by merely inereasing the capacity of the
pumping system. Additicnal Tacilities of larger power or longer run time,
however, would necessitabe increases in the reservoir size and penstock system
a3 well. Buch considerations should enter into the gelection and design of
the initial site.

The United States Unitary Plan Act of 1949 resulted in a complex
of major aseronautical facilities in the 100,000 to 200,000 horsepower range
iocateé at existing WACA/FASA Tegearch centers and at & new Arnold
Engineering Development Center in Tennesgee. The latter location was

AT

selected largely on the basis of avallabliity of the electrical power gystem

of the Tenneggee Valley Authority. The Unitary Plan Act is now over 20

years old. Technological pressures are mounting for a new round of large,

high-powered research and development facilities (reference w_) which could

dwarf any of those now in existence, In the interegt of efficient

natlonal planning, consideration should be given to the potentisl of an

integrategd muiti-faeility site incorporating a hydro pumped-storage system

with hydraulic turbine propulsion for the individual facilities. Exploitation
"

of such a concept could provide the techniecal initiative and desgign basgis

for a new generation of aercnautical research facilities.
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HOLRS OF THE DAY

oDB

| FI'C]L)F@ 4. - Typical winel-+onnel energy vtilization on a two-shilt basis.
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